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I. INTRODUCTION
The TB LMTO package [1] is extensively used in computational solid-state physics for the electronic structure determination. It consists of several modules and finds the total energy as the main result. However, sometimes it happens that the outcome of the LMTO program does not correspond to the observable physical properties so that the users are confronted with the problem of finding the global energy minimum or modifying the crystallographic unit cell. In view of the complexity of the problem, they used to proceed on the basis of trials which is not efficient and may use an excessive amount of computer memory and involve redundant computing runs.
Here we apply a genetic algorithm (GA) technique to optimize the computer resources needed to run efficiently the ab-initio calculations. The genetic algorithm is a search procedure based on the process of natural evolution, following the principles of natural selection, crossover and survival. The method has been proposed and developed by Holland [2] . Due to complex specification of initial conditions, GA is useful in searching for the optimal solution in situations where other optimization techniques may fail. A major characteristic of genetic algorithms is that they work on a population and can explore concurrently different regions of the solution space.
Genetic algorithms have successfully solved many optimization problems in business, engineering, and science [3] [4] [5] [6] , although in computational physics they have not attracted much attention.
The GA algorithm aiming at finding the minimal total energy, which depends on the atomic sphere radii, is described in the subsequent sections. There is no formal proof that the lowest energy criterion is correct in all the cases. We accept the lowest energy criterion provided that the results fulfil such constraints as the small amount of charge transfer or the similar value of the potential energy at the sphere boundary.
The structure and functionality of the LMTO simulation package, the computational optimization task of our program ga_lmto and some illustrative results are presented in the remaining part of the work.
II. LMTO PACKAGE STRUCTURE AND FUNCTIONALITY
The consecutive modules of the LMTO package enable finding the symmetry and volume of the crystallographic unit cell, atomic positions and atomic radii so that the volume constraints are fulfilled. When these data are obtained, the self-consistent calculations can be performed and usually the total energy is determined. The package is subject to improvement, e.g. recently the AIM (atoms-inmolecule) module is provided to integrate the charge density.
Optimization of Total Energy and Reduction of Computer Resources in Some Applications of the Ab-initio LMTO Package
The physical properties calculated may be affected by several factors such as the exchange-correlation potential chosen, the crystal structure parameters imposed by experiment or the local energy minimum recovered by the computation approach. If the lattice structure has to be relaxed or a global minimum has to be searched, the multi-dimensional non-linear optimization problem is encountered.
Assuming that the crystal structure is correct, the total energy depends on the atomic radii. Their number N is equal to the number of non-equivalent atoms in the crystal unit cell and may reach tens for complicated structures. Searching for a minimum in such a parameter space is not trivial.
III. GENETIC ALGORITHM APROACH
In the GA optimization, any individual belonging to a given population and representing a replica of the system is defined by a set of parameters (genes in chromosomes) which express the potential solution of the problem. Each individual is evaluated according to the fitness function which is related in our problem to the total energy. The GA optimization starts with a random potential solution of the problem. The number of solutions is represented by the size of the population. Individuals with higher evaluation scores (better fitted, due to a smaller total energy value E tot ) are selected to generate a new population. Because of the genetic evolution, the individual (chromosome) with better fitness tends to yield a superior offspring which means it provides a better solution to the problem.
In the GA applications three genetic operations are distinguished: reproduction (selection), crossover and mutations. In the reproduction process, a new population is generated from the individuals according to value of their fitness function. After that, the crossover follows. The individuals are paired, the chromosomes are split and an exchange of genes is performed. The progeny heritages some parent genes and the new chromosomes are close to those of their predecessors. The mutation is applied seldom and changes randomly one or more genes in a given chromosome. Both crossover and mutation are subject to the sampling procedure which leads to a crossover with much higher probability than to a mutation.
This scenario follows the idea of Holland [2] and is adapted in our calculations. The convergence of GA is defined by the number of steps N s , whereas the size of the population (the number of chromosomes) is denoted by S, and the probability of crossover and mutation by p c and p m , respectively.
The idea of the algorithm can be expressed by the following scheme In the algorithm the two populations are processed: the basis population P t and the progeny population O t , respectively. The copies of individuals from the P t population are preserved in the temporary population T t during the crossover and mutation. All the populations contain the same number of individuals. In the initialization step, the sample population is selected randomly and each chromosome is evaluated using a given fitness function. The evolution is determined within the loop. Each step leads to a new generation and is considered as an iteration. Within the final generation, the chromosome which reaches the highest value of the fitness function presents the solution.
The algorithm was implemented, assuming the following convention. The chromosomes correspond to different realizations of a given physical system. Each chromosome is then determined by the set of N atomic radii and its weight is estimated according to the total energy calculated by the LMTO module. The option for the modification of the radii is switched off in the CTRL file. Instead, GA assigns new values of atomic radii for the next iteration. We assume that the structure is densely packed, as the performance of the LMTO program is the best then. We put physical restrictions on the size of the radii and allow modification of N -1 radii, while the N-th radius is chosen from the condition of volume conservation.
IV. PROGRAM DESCRIPTION AND RESULTS
In the Tight Binding Linearized Muffin Tin Orbital (TB LMTO) method within Atomic Sphere Approximation (ASA) the atomic sphere radii are chosen in such a way that the sum of all atomic spheres volumes is equal to the volume of the unit cell. The potentials at the sphere boundary for the chosen sphere radii would be similar for all types of atoms. The LMTO calculations should begin with generation of the CTRL file for a given chemical compound. The CTRL file is generated by the program lminit.run having introduced fundamental information on the compound (number or symbol of symmetry group, lattice constants, types of atoms and their coordinates. The exemplary description of CTRL file generation is given in Ref. [1] . Then, the program lmctl.run is run to check if the elementary cell is 100% filled in LM file. If the filling is less than 100%, the program lmes.run should be run to search for empty spheres. If the filling is correct, the program lmstr.run should be run. After these preliminary steps the lm.run subroutine can be run.
The lm.run subroutine of the LMTO package can be run in two main modes controlled by the value of SCLWSR parameter from the SCALE category: 1. If we assume SCLWSR=T, the program is looking for the total energy E tot for a given compound. The total energy E tot is stored in LM file and the optimised atomic radii are stored in a modified CTRL file; 2. If we assume SCLWSR=F, then we can calculate the total energy E tot for the atomic radii chosen. The atomic radii values are introduced into the CTRL file, and the energy value for the atomic radii assumed is written by the program for the LM file.
In the ga_lmto program the parameter SCLWSR=F, so that the genetic algorithm is used to carry out the optimisation of E tot . The data file for the ga_lmto program is named INPUT and has the following structure of records: a. Number of iterations N s being an integer variable in the 9d format, b. Number of chromosomes S, being an integer variable in the 6d format, c. Probability of crossover p c , being a real variable in the 1.6f format from the range (0,1>, d. Probability of mutation p m , being a real variable in the 1.6f format from the range (0, 0.2>, e. Number of inequivalent atoms in the compound studied N r (the number of variables in the problem), being an integer variable in the 2d format, f. Number of atoms in the elementary cell N a , being an integer variable in 3d format, g. Numbers of atoms distinguished in the elementary cell N an , described by integer variables in the 1d format, h. Volume of the elementary cell of a given compound V, being a real variable in the 8.8f format, i. Constant C -being a real variable in the 8.6f format protecting against negative values of the total energy E tot (the problem of E tot minimisation should be replaced by that of E tot maximisation), j. Sequences containing 2 constants being real variables, defining the lower and upper bound of the radii searched in the 2.8f format. It is essential that the upper and lower bounds to the radius that ensures correct filling of the elementary cell were in the last line of the INPUT file. The genetic algorithm generates the radii of atomic spheres and searches the minimum value of E tot in the ranges specified by the sequences. The exemplary INPUT file is given in Annex. Correct execution of the program ga_lmto requires that the variable PATH is supplemented by a directory storing the lm.run subroutine. Let's assume that the program ga_lmto is localised in the working directory of the user, along with the files INPUT and CTRL and the file OUTPUT to be generated.
We also assume that the user has already generated in a standard way the CTRL file containing the physical parameters needed for solving the problem by the lm.run subroutine. The number of different atomic radii N r is equal the number of genes of a given chromosome. The initial values of genes of each chromosome are generated at random from the range given in the INPUT file of ga_lmto.
The program can work in the background or the effects of its work can be observed on the screen. After the program completion the report with results is prepared in the OUTPUT file. The report gives the following information: the optimum value of the estimation function in a given population, the mean value of the estimation function in a given population, standard deviation, atomic radii and the minimum total energy E tot .
Generation of subsequent generations of individuals follows according to the procedure of Genetic Algorithm. Our chromosome contains N r inequivalent atomic radii: 1 2 , , ... . r N r r r For each individual the lm.run subroutine calculating the energy value is called. The usefulness of a given individual in a generation is measured by its total energy value (the value of the function of purpose). The chromosomes of lower total energy have higher values of the fitness function. The function of purpose (estimation) determines the total energy of the individual E tot , while the fitness function is supplemented with a constant C, replacing the problem of searching for a minimum by the problem of searching for a maximum. The next steps are: proportional selection, single-point crossing and uniform mutation.
The proportional selection can be illustrated in the following way. Let's make a virtual roulette and divide it into as many sectors as many individuals there are in a given population. Let's assign each sector of the roulette with one individual and let's make the are of the sector proportional to the fitness function of a given individual. Each chromosome from a given population is assigned to a subsection of the section [0, 1) (corresponding to a sector of the roulette wheel). For a population of the size S composed of the chromosomes c i (i = 1, ..., S), the process of selection is the following: 1. If f(c i ) is a fitness function of the ith chromosomes, the limits of the ith sections can be found in the way described below. Let's introduce the quantities:
where the subsection assigned to a chromosome c 1 is [0, q 1 ), and the subsections for chromosomes c i (i = 2, ..., S) are [q i -1 , q i ). 2. Any number drawn from the interval [0, 1) belongs to one of the above defined subsections and is equivalent to the choice of the chromosome assigned to it. 3. The numbers are drawn as many times as many chromosomes there are in a given population. As a result of selection we have obtained the temporary population which is subjected to crossing. The one-point crossing operation is realised in two steps: step 1 -chromosomes from the parent pool are paired at random, step 2 -each pair is subjected to crossing. The process of crossing is random. When the decision on the crossing of a given pair of chromosomes is positive, a number of a gene k, that divides the chromosome into two parts, is drawn. The drawn gene of the number k denotes the point of the chromosomes crossing. All the genes of the numbers from k + 1 to N r including the two limiting ones are exchanged in the pair and in this way two new chromosomes are obtained. When the decision on the crossing is negative, the chromosomes are left unchanged.
The operation of mutation is performed at random for each gene separately, which may lead to a change in one or more genes in a given chromosome. The aim of mutation is to cause a sporadic and random change in the value of genes in a chromosome. The GA System is based on flowpoint coding.
It should be emphasised that Our problem is not an ordinary mathematical problem of optimisation, as apart from searching for a minimum certain physical requirements must be preserved such as the overlapping of spheres, filling of the elementary cell and admissible values of the atomic radii.
The results are illustrated for the alloy of nickel, manganese and germanium Ni 2 MnGa, whose elementary cell L12 is composed of 4 fcc sublattices [7] . There are two sublattices populated by Ni (the same atoms), one fcc sublattice populated by Mn and one populated by Ga, and the elementary cell contains 4 atoms. For the calculations to have physical sense the sum of atomic spheres of these 4 atoms must be equal to the elementary cell volume. The program ga_lmto changed the values of 3 atomic radii in the elementary cell that is 2 radii of Ni atom and one radius of Mn atom, while the radius of Ga was adjusted so that the elementary cell filling would be 100% when the elementary cell volume was disturbed by the crossing and mutation. It was assumed that the radii could change up to ±5% of the expected value and in this range AG generated the radii. When the atomic radius of Ga exceeded the assumed range, the solution was treated as unphysical and the individual was punished by a zero fitness function. The individual with the zero fitness function has no chances of getting into the next population.
The performance of the ga_lmto program is illustrated for Ni 2 MnGa. At first the lm.run subroutine from the LMTO package is run with SCLWSR=T from the SCALE category, which automatically searches for the atomic radii that correspond to full filling of the unit cell. The NKABC parameters from the Bz category were taken as 20 20 20. The CTRL file generated in on initiation of the lm.run subroutine, used as the basis of the calculations is given in Annex. The result obtained in the LM file was: the total energy E tot = -12270.81351425 to the accuracy of DE tot = 0.00000209; E tot is given in Rydbergs. The details essential for the calculations whose results are given in the LM file are displayed in Table 1 .
The lengths of the atomic radii by the lm.run subroutine taken from the modified CTRL file expressed in [a.u.] The lm.run program was run once again with SCLWSR = T for the modified value of NKABC = 100 100 100, to verify the total energy and atomic radii obtained. The result of the repeated calculations was E tot = -12270.80302505 to the accuracy DE tot = 0.00000019. Important fragments of the resulting LM file are presented in Table 2 .
The total energy E tot (ETOT variable) for NKABC = 100 100 100 is consistent with its values for NKABC = 20 20 20. The atomic radii calculated by the lm.run subroutine are the same as those found for NKABC = 20 20 20.
The calculations in the ga_lmto program were made assuming that the radii calculated earlier could differ from the expected value by ±2.5% and ±5%. Assuming the admissible fluctuations of ±2.5%, the lower and upper bounds to the atomic radii in the INPUT file were: The fragment of the LM, important for the calculation of the solution found by ga_lmto is given in Table 3 .
Increasing the admissible fluctuation to ± 5% the lower and upper bounds for atomic radii in the INPUT file were: The information from the LM file important for the solution found by ga_lmto are given in Table 4 .
The values of E tot obtained by the ga_lmto program for Ni 2 MnGa (Table 3 and 4) are in perfect agreement with the correct ones found by the lm.run subroutine from the standard LMTO package (Table 1 and 2) . It is expected that the ga_lmto program will be useful when the standard lm.run program does not give a correct solution. It should be emphasised that in the calculations with ga_lmto the potential at the border of the spheres V(WSR) takes comparable values for all atoms presented and these values do not differ by more 10%. The potential VHART(WSR) does not exceed 0.05, so the conditions related to the admissible fluctuations of the potential at the border of the sphere are satisfied. The calculations performed by ga_lmto indicate that for a densely packed Ni 2 MnGa, the genetic algorithm correctly finds the minimum total energy.
In the optimizing program searching for the minimum value of E tot for at least a few inequivalent atomic radii, which requires assuming SCLWSR = F the ga_lmto program reduces the memory and time requirements of computer work. For an arbitrary accuracy of the lm.run subroutine for a given number of individuals S, the ga_lmto program generates only S LM files. The standard running of the lm.run subroutine with SCLWSR = F, would be much more expensive in terms of computer memory and time required for the analysis of the results.
The use of a genetic algorithm means that much less time is needed to get results. The time complexity of the standard LMTO calculations described by the number of runs of the lm.run subroutine is expressed by a polynomial taking into regard the number of points in the ranges r min and r max for each radius of the atomic sphere and increases with increasing number of inequivalent N r radii.
The time complexity of the ga_lmto program is expressed by the size of the population S and the number of iterations N s . These quantities somehow depend on N r . The character of S(N r ) and N s (N r ) relations is not known but we expect at most a linear dependence which implies that the complexity is expressed at most by a square function of N r .
For the exemplary compound Ni 2 MnGa the ga_lmto program called lm.run 20 × 500 = 10 000 times. Changing the radius at a step of 0.01 within the range of ±5 % of the expected value in the genetic algorithm, in the standard approach the lm.run subroutine should be called 23 000 times. Each run of the lm.run subroutine would generate an output file LM and would require storage of the CTRL file.
V. DISCUSSION AND CONCLUSIONS
There is a number of problems which have to be addressed when processing the complex computing packages: the structure, interconnections, functionalities and constraints which have to be considered interactively by the user. In our calculations we were confronted with the constraint on the 5-10% overlap of atomic spheres and complete filling of the unit cell. As it can be handled for the densely packed systems, we have excluded the loosely packed ones, which does not seem a serious limitation as the application of the LMTO is not recommended for them.
The problem of efficient management of the available computer resources performing computations with the LMTO package is important when the global total energy of a physical system has to be found using the SCLWSR = F calculation mode. As the configuration space is probed automatically by the GA program, the interactive part of the LMTO calculations is reduced to minimum. The user does not have to store large intermediate files in order to analyse them and the demand on the memory does not depend on the number of parameters determining the physical problem (i.e. the number of atomic radii).
The program prepared by us can be successfully used for other compounds of densely packed structure. After modifications the program can be applied for other calcu-lation/computation packages for solving physical problems. The program can be easily generalised to tackle the problem of structure optimisation. Then the lattice constants would play the role of chromosomes.
In conclusion, we have worked out the program which finds the total energy of an electronic system by using the LMTO subroutines lm.run with the atomic radii found by the genetic algorithm. The LMTO programs are performed in the background and the disc space is reduced to that needed to store S output files LM irrespective of the number of iterations. Results obtained by ga_lmto have been illustrated for the ordered alloy Ni 2 MnGa.
At present only the compiled version of ga_lmto is available for registered users of the LMTO package on request addressed to gjk@amu.edu.pl. 
